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AB8TPACT 

In qiMit of higher efficiency, na.ior progreii 
hae occurred In lolar cell technology during the 
laet five yeeri. In thli period cell efficiency 
tae ellabed about ;o percent. Technical approaches 
leading to Increased output Include back surface 
fields (n*-p-p* structures), shallov Junctions, 
loprovad antireflection coatings, surface te>tur- 
Itlng, and fine grid patterns on the cell surface. 
The status of current solar cell technology and 
Its Incorporation Into call production Is discussed. 

Research and developsent leading to laproved per* 
fonnance and reduced cost are also described. 

nfmocuaioK 

During the last five years , the efficiency of 
silicon solar cells has Increased Iramtlcally. In 
1970, the average outer space efficiency of silicon 
solar cells was 10.'.%. In 1^75, laboratory cells 
have reached effl'lencles abo •• 15 < and production 
calls are In the lj% range. Most of the Increased 
output has resulted .'rora Increased short-circuit 
current, with only minor Increases in voltage being 
reported. It is appropriate to review the past 
accoeg)lishnents so that the future potential of 
the cell and the pertinent research problems can 
be clearly defined. 

STATE OF PRESENT TECHNO UOCY 
Short-Circuit Current 

Short- 'Ircuit current can be increased in two 
ways. First, the amount of light entering the 
call can be Increased by reducing the surface area 
covered by the grid pattern and by reducing the re- 
flectlvl.y of the surface. 

Orld Mtern : In 1970, the standard grid pat- 

tern on a 2x2 cm cell covered about 10% of the cell 
surface. By use of Improved metal masks or photo- 
resist technology, average coverage Is now In the 
5-7H range. 

Antireflection Coati.'vc ; The conventional 
antireflection coating in 1970 was a q'ja.-ter wave- 
length coating of SiO. However, when the cells 


ware eovurtd with adhesive and a coversllp, a loss 
In curren'' of abo<jt was obtained. Reopt imitation 
of the ant Ire fleet Ion coating to account for the 
cover glass required ruatings with a higher refrac- 
tive Index such as TIO^^, 1'k2S IftigO.. As shown 
In Table I, the use of these coatir.gs led to an In- 
crease Ir current of about ^% on covering and an 
advantage over a glassed SIO cell of about 7%. 

Texturizing : The most important advance In 

increasing the amount of light entering the cell 
came through surface texturizing. The use of the 
basis chemical etches such as KOH, NaOH or hydra- 
zine In 100 silicon siurfaces results In surlacea 
covered with a myriad of pyramids as shown In 
figure 1 This surface yields two benefits. One 
benefit srises from multiple reflections experienced 
by the incoming beam as shown in figure 2. This 
reduces bare surface reflectivity from 3'li to about 
lit. Addition of a Ta,0,. antireflection coating 
and a cover guass leada to a reflectivity of only 
1% cOBipared to about lot average reflectivity for 
a smooth cell coated with SIO. 

The second benefit arises because light is re- 
fracted as it enters the silicon and travels oblique- 
ly through the cell. Collection efficiency increases 
because light is absorbed closer to the Junction. 

Also more Infrared light is absorbed because the 
path length Is greater than the silicon thickness 
and because the light is totally Internally reflect- 
ed from the smooth back s-irface. These factors also 
Increase cell current. 

Shall(^ Junctions : To reduce the effects of 

poor collection efficiency in the diffused region 
(due to ancmalous phosphorus diffusion profiles and 
low lifetimes), shallow Junctions have been used. 
Sheet resistances in the 150 to 500 */□ range re- 
sulting from phosphorus dlff’uslon in tiw 800^ C 
temperature range yield Junction depths on the order 
of 0.1 These have led to substantinl Increases 
In the blue region of the cell spectral response. 

Increased Minority carrier lifetime : The mi- 

norlty carrier lifetime measvu'ed in n*-p solar cells 
ranges from 6 to 10 r.lcroseconds . Studies have 
shown that the front and back surface recoob. nation 
velocities and the w^fer thickness signitifantly 
Influence the measured lifetime. For example, a 


I 


300 bB tlilck call hill in 6 lifttlM whlli • 

100 »B thick n*-t> cell h«i • llfctlM of only about 
1 Miic. Uii of a back lurfaca p* flald (n*-p-p* 
atructura) y la Ida an aaiantlally zero aurfaca ra> 
ccablnatloo velocity plana. Accordlncly , the llfa- 
tlJM Incraaaaa to about 30 Miac In 300 >b thick da- 
vlcaa. Thla Incraaia In llfatlM ylalda an In- 
craaaa In abort -circuit currant of only a few per- 
cent but laadi to a aore laportant effect on call 
opan-clrcul< voltage. 

Own- Ctr ^uU_Vo^Jj£e Ffforta to Incraaaa the 
vulta^a )'ava ai^lorei leviral arvai. Tha Inclualon 
of a back aurfaca field In 10 O-cb calli produced 
an Incraaaa of about 30 mV In opan-clrcult voltage. 
However, alaoat no effect waa obiarvad for 1 0-ca 
aatarlal. It la bellavad nuw that tha Increaaed 
vQltafa reaulti froa tha preience of the near zero 
aurfaca racomblnatlon velocity p*-p lcw-hU(h Junc- 
tion couplud with the Inrraaied llfetiine noted 
above. 

Davloa l^rfonaance and Production Statua 

Increaaed device perforaance reaulti fram In- 
clualon of tha above technologlea Into the cell. 
However, tranaltlon from the laboratory to coat 
affective production la difficult and repreaeuta 
a al^nlf leant barrier to rapid Introduction of new, 
Bvrketable aolar cell devices. Table II aiuaaarlzas 
tha techncloglea uaed and the production itatua of 
current loproved efficiency celli. Table III coa- 
parei tha perforaance of the 1970 cell with aelect- 
ad new technology cells, all with cover glasses. 

The Ijf efficient Hellos cell la in high voltane 
production at Spectrclab. Tlie violet cell nearing 
production by OCLI, waa not included In Table III 
ilnce It has the sane features of the Hellos cell 
but with a slightly higher voltage which leads to 
a 13.3$ efficiency. The highest perfonsance , 13. 
la achieved by the CNF cell. This cell recslns In 
laboratory production at the CCfCAT laboratory. 

froD Table III it lo clear that most of the 
Imuv'.'ed output comes from Increased short-circuit 
current. The increased voltage cesses from use of 
the p* back surl'ace field and lower resistivity 
matfrlal. Improved fill factor la the result of 
both Improved grid gecanetry and Junction process- 
ing procccures. A comparison of the spectral re- 
sponse of a CNR cell and a I97O cell la s.hcvm in 
figure 3. The CNR cell has a quantum yield (elec- 
trons coUectad per Incident photon) above 90% over 
moat of the response region. Thus it sppears that 
little further Improvement in short-circuit current 
can be intlcipated in the future. 

FUTURg RESEARCH AND TECHNOLOGY TRENTS 

Although developments to late havi been sig- 
nificant arvl exciting, additional research and 
development opportunities exist. Efficiency in- 
creases can be expected and cost reductions by 
orders of magnitude can be predicted, basic re- 
search and high technology will both play a sig- 
nificant role. 


0^ -Circuit Voltage 

The last substantial barrltr to achieving tho 
■aximum practical efficiency of about 19f la the 
open-circuit voltage. Although ala^ile diode theory 
predicts an Increasing voltage with decreasing re- 
ilstlvlty, contrary results are obtained experl- 
■antally as shown In figure U. The highest voltage 
reported for 0.1 n-os material Is 0.61 V instead of 
tha 0.7 V calculated. Also the bass region minor- 
ity carrier lifetimes in tha 0.1 and 0.01 (i-cm calls 
are sufficiently greet so as to yield much larger 
open-circuit voltages. Thus It appears that a low 
aadtter efficiency of tha diffused region Is the 
cause of poor voltages. Several effects smy act 
to reduce the voltage. These Include band gap 
narrowing, Increaaed Interband transition rates 
and defect clustering. These mechanlams also In- 
fluence bipolar translator current gain and fre- 
quency reiponee and hence are an area that should 
receive great attention. The slnahlp between solar 
cells and transistors Is rather close at thla time. 

Technological approaches aimed at increasing 
cell voltage have examined alternate dopants, ion 
implantation and epitaxial structures. Of these, 
epitaxy eeemi to offer the most advantage at this 
time. By use of heavily doped substrates, and dop- 
ing gradients within both the base and the emitter 
region, open-circuit voltages above 630 mV have 
been achieved. While this gain is modest, it may 
be the harbinger of t.'-;ngs to cene. 

Short-Circuit Current 

The one remaining research area related to cur- 
rent la determination and reduction of cell surface 
recombination velocity. Preliminary measurements 
of the surface recembinat Ion velocity on diffused 
solar cell s'urfsces yield values between 3 and 
10 X 10^ cm/tec, which is much lower than hau pre- 
viously been estimated. Hotever, reduction to a 
value below 10^ oa/sec Is required before full 
short-circuit current can be achieved. 

Wrapping the front contact around to the back 
of the cell easea interconnection of cells and may 
increase cell current and power by reducing front 
surface bloctege. Simply wrapping the dlflXiaei 
Junction around the cell edge has resulted In 'un- 
acceptable leakage currents. Development of wrap- 
around contacts for high efficiency cells warrants 
further study. 

low Cost Technology 

The final barrier to widespread use of solar 
cells la coat. The ERDA National Photovoltaic Pro- 
gram la clearly focussed or. thla target. Fkjth a'uto- 
mated , high rate cell production and new technolo- 
gies will be required to meet stringent cost re- 
quirements. Table IV S'unnarlzes some of the low 
cost, non-vacuum technologies that are currently 
being Investigated for automated production. Cell 
costs have been reduced ‘'rom .$80/watt for spece 
cells to under $10/watt for present terrestrial 
cella. The use of large clr ular wafers up to 10 cm 


2 


dUMtcr hav« aliad thla reduction. Avitoantlon U 
•xpeetod to roduc* cell codtf to $^/««tt la the 
next 'w yean. Additional aajor tachnolofloal 
advaacaa to r duc« tha coat of poXycryatalllaa a 111* 
con and davalopMot of low coat alngla eryatal all* 
Icon ribbon growth or wafer preparation togathar 
with further galna through autcaBtlon ara expected 
io yield 10*;0d/watt arraya by I 969 . 


BuiMAjnr 

progreaa naur la tj^yriveaent of the alll* 
con aolar cell haa yielded a f0% Increaae In call 
efficiency la tha iMt five yaara. Currant labora* 
tory calla have reached an efficiency above 1;C 
and ec'.;lnulng efforta ara alalng at tha 1911 prac* 
tlcal Halt. The rutura holda reaearch and develop* 
aant opportunltlea alnea at Increaaad cell parfora* 
ance and ultra low coat production aathoda. 
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TABLE I. - EFFECT JF COVER GLASSING ON 
SHORT-CIRCUIT CURRENT OF SOLAR CELLS 


SHOnT-CinCUIT CURRENT 



SiO 

^*2°5 

COATED CELI ONLY 

142 mA 

140 mA 

COATED CELL WITH 

138 mA 

147 mA 

COVER GLASS AND 



ADHESIVE 




TABLE II. - SUMMARY OF PRESENT HIGH EFFICIENCY 
SOLAR CELLS 


DESCRIPTION 


STATUS 


HELIOS CELL 
20 0-CM 
P* BACK 

SH.\LLOW JUNCTION 
THIN GRID FINGERS 
Ta20j AR COATING 

VIOLET CELL 
2 Q-CM 
P* BACK 

VERY SHALLOW JUNCTION 
FINE GRID FINGERS 
Ta20j AR COATING 

COMSAT NON-REFLECTIVE CELL 

ETCHED. LOW REFLECTION 
SURFACE 

OTHERWISE LIKE VIOLET CELL 


IN PRODUCTION 
BY SPECTROLAB 


NEARING PRODUCTION 
BY OCLI 


LABORATORY, NOT 
OPTIMIZED 
COMSAT CORP. 


IttKLDlNG PAGE BLANK NOT FILMED 
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TABLE III. - PERFORMANCE COMPARISON OF SILICON SOLAR CELLS 



1970 PRODUCTION 
CELL 

HELIOS 

CELL 

CNR 

CELL 

SHORT CIRCUIT CURRENT, Ij^ 

138 mA 

157 mA 

181 m 

OPEN-CIRCUIT VOLTAGE, V^j. 

545 mV 

585 mV 

595 m 

MAXIMUM POWER, P^ia* 

55 mW 

70 mW 

83 m 

FILL FACTOR*, FF 

73% 

76% 

77% 

EFFICIENCY (AMO), V 

10. 2% 

13% 

15.3% 


"FF 


max 


'oc 'sc 


X 100 


TABLE IV. - NEAR TERM SOLAR CELL COST 
REDUCTION APPROACHES 

IMPROVE MATERIALS UTILIZATION 

- USE LARGER DIAMETER SINGLE CRYSTAL INGOTS 

- REDUCE SAWING LOSSES 

USE ROUND CELLS 
REDUCE KERF LOSS 

AUTOMATE CELL MANUFACTURING PROCESSES 

- ELIMINATE VACUUM PROCESSES 

USE SCREEN PRINTING FOR CONTACTS 
USE "SPIN ON" TECHNIQUES FOR 
ANTIREFLECTION COATINGS 

- ELIMINATE GASEOUS DOPANT SOURCES 

USE "SPIN ON" TECHNIQUES 
USE ION IMPLANTATION 
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PERPENDICULAR TO SAMPLE 


45° OBLIQUE VIEW 


45° OBLIQUE VIEW ROTATED 
Figure 1. Views ol texlurized surface. 



Figure 2. - Optical path iiagram of tetrahedral texturized surface. 
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Figure 4. - Dependence of solar cell open circuit voltage on 
doping level. 
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